Time-weighted average (TWA) passive sampling using solid-phase microextraction (SPME) and gas chromatography was investigated as a new method of collecting, identifying and quantifying contaminants in process gas streams. Unlike previous TWA-SPME techniques using the retracted fiber configuration (fiber within needle) to monitor ambient conditions or relatively stagnant gases, this method was developed for fastmoving process gas streams at temperatures approaching 300 °C. The goal was to develop a consistent and reliable method of analyzing low concentrations of contaminants in hot gas streams without performing timeconsuming exhaustive extraction with a slipstream. This work in particular aims to quantify trace tar compounds found in a syngas stream generated from biomass gasification. This paper evaluates the concept of retracted SPME at high temperatures by testing the three essential requirements for TWA passive sampling: (1) zero-sink assumption, (2) consistent and reliable response by the sampling device to changing concentrations, and (3) equal concentrations in the bulk gas stream relative to the face of the fiber syringe opening. Results indicated the method can accurately predict gas stream concentrations at elevated temperatures. Evidence was also discovered to validate the existence of a second boundary layer within the fiber during the adsorption/ absorption process. This limits the technique to operating within reasonable mass loadings and loading rates, established by appropriate sampling depths and times for concentrations of interest. A limit of quantification for the benzene model tar system was estimated at 0.02 g m −3 (8 ppm) with a limit of detection of 0.5 mg m −3 (200 ppb). Using the appropriate conditions, the technique was applied to a pilot-scale fluidized-bed gasifier to verify its feasibility. Results from this test were in good agreement with literature and prior pilot plant operation, indicating the new method can measure low concentrations of tar in gasification streams. This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
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ABSTRACT.
Time-weighted average (TWA) passive sampling using solid-phase 20 microextraction (SPME) and gas chromatography was investigated as a new method of 21 collecting, identifying and quantifying contaminants in process gas streams. Unlike previous 22 TWA-SPME techniques using the retracted fiber configuration (fiber within needle) to monitor 23 ambient conditions or relatively stagnant gases, this method was developed for fast-movingA c c e p t e d M a n u s c r i p t 7 environment to the extraction phase occurs through the stagnant boundary layer between the tip 120 of the fiber and the tip of the needle housing. Under conditions where diffusion can be 121 approximated as a constant value, the rate of sample collection can be controlled by the depth of 122 fiber retraction. Retracting the fiber farther within the needle housing can facilitate sampling at 123 higher concentrations, or the sampling time can be extended to several minutes or hours to 124 establish a more representative average analyte concentration. 125
126
Other advantages of SPME-TWA using a retracted fiber include (a) reducing analysis time 127 from several hours per sample to several minutes (b) simplified quantification because a 128 retracted fiber is independent of gas stream velocity [13] [14] [15] , (c) small particles in the gas stream 129
are not a concern since the fiber is protected by the outer needle housing, (d) the SPME sampler 130 is sealed at the top to eliminate the possibility of gas flowing through the fiber syringe, which 131 could alter results or damage the fiber. Unlike the equilibrium SPME techniques, applying the 132 TWA-SPME method avoids the need for extra sampling equipment (heated chambers, sampling 133 lines, and vacuum pumps) since it is used directly on process piping, and may potentially 134 eliminate the need to calibrate the fiber for compounds of interest [16] . Finally, SPME sampling 135 experience continues to grow, offering information on many different organic and inorganic 136 compounds at a wide range of molecular weights and sampling environments, which aids in 137 more rapid development for future applications [7, [17] [18] [19] [20] . 138
139
The principle of the TWA sampling technique follows Fick's first law of diffusion: the amount 140 collected on the fiber is proportional to the molecular diffusion rate (D g ) of the analytes in the 141 vapor and the area (A) of the needle housing opening, and is inversely proportional to the 142 diffusion path length (δ), which is the boundary layer of stagnant gas inside the needle housingM a n u s c r i p t 8 between the tip of the needle and the tip of the coated fiber. As long as the concentration at the 144 tip of the coated fiber is small compared to the free-stream value, the amount extracted is 145
proportional to the integral of the concentration over a sampling time ( The overall objective of this work is to develop a TWA-SPME technique to improve the speed 158 and accuracy of analyzing process gas streams for difficult-to-measure species. Unlike previous 159 TWA applications, this research involves rapidly moving gas streams at elevated temperatures 160 (~115°C), with application to a complicated gas matrix in actual process environments. This 161 paper in particular examines the TWA-SPME passive sampling concept for application to trace 162 tar measurements in syngas process streams. As the authors are unaware of any application of 163 SPME directly to gasification streams, this work also forms a basis for future analysis of syngas. 164
Specifically, the three necessary requirements for TWA passive sampling were addressed: (1) 165 zero-sink assumption, (2) consistent and reliable response by the sampling device to changing 166 concentrations, and (3) equal concentrations in the bulk gas stream relative to the face of the 167 fiber syringe opening. Benzene in nitrogen was used as a model compound in this proof-ofA c c e p t e d M a n u s c r i p t 9 concept evaluation. Multiple concentrations, sampling times, and boundary layer lengths (i.e. 169 depths of SPME fiber retraction) were tested to determine the limits of method application. 170
171
The experimental program included both bench-top experiments and pilot plant trials in a 172 biomass gasifier. The bench-top experiments were conducted to develop the TWA-SPME 173 method, while the pilot plant trials provided an opportunity to test the technique in a realistic gas 174 matrix. 175
EXPERIMENTAL SECTION
176
2.1 Chemicals. Benzene (Sigma-Aldrich CHROMASOLV®Plus, for HPLC ≥ 99.9%) was 177 used as a model tar compound within an ultra-high-purity nitrogen gas stream (99.995%) to 178 prove the concept of predicting tar concentrations in syngas using SPME. All work with 179 chemicals was performed following lab safety protocols, using vented fume hoods and approved 180 personal protection gear. 181 182 2.2 Materials. A manual SPME device was equipped with a Carboxen/polydimethylsilosane 183 (85 µm CAR/PDMS -Supelco) fiber. This fiber was recommended by the Supelco fiber 184 selection guide for gases and low molecular weight compounds, which are the prominent 185 compounds in the sample matrix. An additional benefit for TWA passive sampling is the high 186 capacity of Carboxen, which facilitates sampling at higher concentrations or longer periods of 187 time [21] . 188
189
This fiber was also chosen in large part based on its performance during preliminary tests on 190 the process development unit (PDU) in which final method testing will be performed. (An 191 overview of this gasification and cleanup system is available in Woolcock et al [22] .) The 192 gasifier in this pilot scale PDU produces a syngas that is passed through an oil scrubbing unit for The final unknown parameter in Equation 2 is D g . Diffusivity is a function of pressure, 218 temperature, and gas stream composition (i.e. the molecular sizes of compounds) [26] . Several 219 Although it is possible to model molecular diffusion coefficients in a mixture, the complexity 227 of the calculations and accuracy of the results are diminished as more components are added to 228 the mixture [29] . Syngas is composed of multiple gases and real tar consists of hundreds of 229 compounds. While several compounds will likely be present at higher concentrations than the 230 majority of other compounds, the system is far from the simple binary systems used by many 231 models. The use of SPME for quantitative analysis of tar requires an experimental method that 232 can establish a collective (apparent) D g value for several of the important compounds while in 233 the presence of other compounds. Benzene in N 2 is used as a proof-of-concept approach that can 234 be compared to theoretical models because it is a bimolecular system. Once the experimental 235 system is proven to produce results similar to theory (i.e. an experimental D g value similar to the 236 theoretical D g value), the number of quantifiable compounds in the system can be expanded to 237 include other major tar compounds. 238
239
Three prerequisites must be satisfied when experimentally determining D g using retracted 240 SPME: 241
(1) The rate of mass loading must not change due to the collection of analytes onto the fiber. 242
A c c e p t e d M a n u s c r i p t 12 extraction when the amount of analyte extracted on the fiber is significantly less than when at 244 equilibrium with the sample matrix or at fiber coating saturation [6] . As more analytes are 245 collected onto the fiber, the rate of mass collection is reduced as a consequence of the decreasing 246 concentration gradient, resulting in a deviation from the zero-sink behavior. 247
(2) The concentration of the sampled species in the bulk gas of the experimental system (C bulk ) 248
and at the face of the SPME needle opening (C face ) must be equal. This assures that a secondary 249 diffusion boundary layer does not exist outside the tip of the needle (i.e. the diffusion path length 250 ends at the syringe opening). Previous work with BTEX gas standard [13] has shown that a 251 minimum gas flow velocity of ~10 to 25 cm s -1 will make any potential resistance from a 252 secondary diffusion layer negligible. In fact, maintaining a gas flow higher than 0.6 cm s -1 has 253
shown no significant differences between the face and bulk concentrations for multiple 254 compounds of similar nature to syngas proxy-tars [21] . 255 (3) The sampling system must respond to changing concentrations in a consistent or 256 predictable fashion. A design of experiments is necessary to satisfy this requirement. 257
Specifically, n(t) must change proportionally to t, n(t) must be inversely proportional to δ, and no 258 significant differences should exist between the D g values calculated at each of the experimental 259 conditions; the experimental D g value must also be reasonably similar to theoretical estimations 260 at the experimental temperature and pressure. 261
262
The constant D g assumption was tested by maintaining a steady concentration and 263 systematically varying t and δ. Changing t and δ should effectively alter the n(t) so that no 264 statically significant differences in the experimental D g can be detected: 265 ). The GC injection port was held 282 250 °C and fitted with a 0.75 mm SPME injection sleeve (Supelco 2-6375,05); no split was 283 utilized. A Phenomenex Zebron ZB-5ms column (60 m × 0.25 mm × 0.25 µm) was held at a 284 constant flow of 1.2 mL/min and used a temperature program of 50 °C for 1 min followed by 285 heating at 10°C min -1 to 150°C. The FID was operated at 280°C and the acquisition frequency 286 was set at 20 Hz. 287
RESULTS & DISCUSSION
288
The reliability of the sample system and its practical limitations were determined to establish 289 acceptable conditions for a statistical design of experiments (DOE). 290 M a n u s c r i p t of temperature and thermophoresis can also alter the mass adsorption rate.) Temperatures at 336 different depths within the SPME syringe housing were measured using a SPME temperature 337 probe that was created by removing the stainless steel inner rod and fiber coating from a broken 338 fiber and replacing it with a thermocouple (Figure S-3) . A temperature of 115°C at the fiber tip 339 resulted in a temperature of 75°C at δ = 10 mm. Tracing was placed on the entire samplingM a n u s c r i p t zone, including a sampling well for the fiber so that the entire depth of the extracted fiber was 341 heated appropriately ( Figure S-4) . The adjustments resulted in a temperature variation of less 342 than 1°C from the fiber tip to a depth of 10 mm. 343
344
Initial testing also identified replacement of syringes in the syringe injector as a potential 345 nuisance variable. This variation was dealt with by using a block design for the DOE: a single 346 syringe was used to perform one repetition of all treatment conditions, and a fresh syringe was 347 used for each repetition of the treatments. The quantity of treatment conditions was therefore 348 constrained to fit within the time provided by one syringe. 349
350
Another potential source of error involved retraction depth, since variation in depths by more 351 than 0.1 mm from the assumed depth may cause substantial changes in the amount adsorbed. 352
This variability was addressed using a single SPME fiber during each repetition, and having the 353 SPME fiber holder professionally machined at each of the required depths The high degree of linearity in Figure 2 suggested that C g could also be removed as a variable 358 from the DOE as long as similar conditions were utilized. A C g of 0.5 g m -3 (160 ppm w ) at room 359 temperature was chosen given the promising initial results and the understanding that longer δ 360 significantly diminishes n(t). In this manner, the linear portion of the adsorption curve shown in 361 Figure 3 is preserved for the data and the amount adsorbed is within the quantification limits. 362
363
Two potential variables remained that could cause variation in the experimentally determined 364
D g values, as described in Equation 3: δ, and t. 365
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A maximum sampling time of 4.5 h was possible when testing a tar concentration in the 367 sampling zone of 0.39 g m -3 (160 ppm w , or 0.5 g m -3 at room temperature) at a N 2 flow rate of 368 5.7 SLPM. In addition to t, the fiber was submitted to 5 min of desorption and 5 min of cooling 369 time following extraction and desorption. A full factorial design using 10 min as the average t 370 enabled 9 treatment combinations within the time frame of a single syringe. A full factorial 371 design was applied for three different δ (3.3, 5, and 10 mm) and three t (5, 10, and 15 min). 372
373
Results from this DOE are illustrated in Figure 4 . The linear correlation suggests that passive 374 TWA sampling using SPME is applicable for detection of contaminants in elevated temperature 375 (>100 °C) process gas streams. According to Equation 3, the amount collected on the fiber 376 should be inversely proportional to δ and directly proportional to t. The R 2 value of 0.979 377 suggests that this relationship holds true. 378
379
Figure 4 380 381
Prior to calculating the experimental D g with Equation 3, n(t) must be adjusted to account for 382 the amount adsorbed on the stainless steel syringe barrel that houses the fiber. For this purpose, 383 a decommissioned SPME fiber that had its 1 cm coating completely removed was subjected to 384 the same testing conditions as the CAR/PDMS fiber. The quantities of benzene adsorbed onto 385 the bare steel at these conditions were 5.3, 5.8, and 6.1 ng for the 5, 10, and 15 min time 386 intervals, respectively (changes in the amount adsorbed with depth were not significant at any 387 level . RSDs were all 1% or less for δ = 5 and 10 mm, and less than 2% for δ = 3. calculate the D g at sampling process gas conditions, select a depth and time at which the mass 438 adsorbed is within this theoretical limit, and calculate analyte concentration. ExperimentallyM a n u s c r i p t 20 determining diffusivity for all compounds would become unnecessary for estimating their 440 concentration. 441
442
Certain combinations of conditions will collect lower amounts of benzene than others, and 443 identifying which conditions specifically differ from theory can determine if a practical 444 maximum n(t) value was surpassed. If the conditions that differ from theory all collected higher 445 amounts of benzene, this will support the notion that a practical maximum n(t) value was 446 exceeded. The averages of each combination of conditions (nine averages of 3 repetitions) are 447 shown in Table 1 tested against the average of the three theoretical equations (see Equation S-2). 448 449 Table 1  450   451 Analyzing all nine combinations of retraction depths and sampling times indicated that a 452 critical n(t) value was reached. Each mean value that was significantly different from theory had 453 collected more benzene than those that were not significantly different, except for one. The first 454 condition of 3.3 mm and 5 min collected less benzene than both condition 9 and 5 (10 mm and 455 15 min; 5 mm and 10 min), yet still showed a molecular diffusion coefficient that was 456 significantly different from the average of the theoretical equations. This suggests that the rate 457 of analyte collection on the surface of the fiber tip can create a localized area of high 458 concentration, which can negate the zero-sink assumption if the system becomes limited by mass 459 transfer deeper into the fiber coating. This second boundary layer of pre-concentrated analyte 460 located at the surface of the fiber tip is similar to a phenomenon suggested by Semenov (2000) , 461
in which a certain degree of oversaturation on the fiber surface was essentially responsible for 462 moving the analyte deeper into the sorbent layer and achieving equilibrium [33] . 463 M a n u s c r i p t The TWA-SPME measurement resulted in a total tar concentration of approximately 3 g m -3 486 (Table 1) . This is the same order of magnitude of tar concentration indicated by the conventional 487 tar measurement methods performed further upstream (~7 g m -3 ). The discrepancy may reflectM a n u s c r i p t 22 the lower overall quantity of tar where TWA-SPME sampling was performed, due to upstream 489 condensation of the heavier tar molecules (see lower response of heavier molecular weight 490 compounds in Figure 6 ). 491 492 nevertheless be applied to quantification of trace contaminants in process gas streams at elevated 503 temperature, provided that the amount collected (n(t)) at the exposure time and depth of 504 retraction deviates by 5% or less from the theoretical SPME fiber adsorptive capacity (i.e. the 505 zero-sink assumption is not violated). If several depths fall within the limits of n(t) that satisfy 506 the zero-sink assumption, the preferred configuration uses the greatest depth and longest time of 507 extraction. These experiments provide strong evidence supporting Semenov's hypothesis that a 508 secondary boundary layer initially develops at the front edge of the SPME fiber. 509
510
The TWA-SPME technique was also tested on a pilot-scale gasification process, yielding tar 511 concentrations that are reasonable considering the relatively cooler gas temperature where theM a n u s c r i p t 23 SPME sampling was performed compared to the conventional tar measurement. Future tests will 513 attempt comprehensive evaluations of the TWA-SPME method in the pilot-scale gasifier for the 514 five major compounds identified in the current study, including comparing the method to 515 currently accepted conventional tar measurements. 516 A c c e p t e d M a n u s c r i p t Figure 1 . Simulated TWA SPME sampling system for hot process gas A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t Table 2 . TWA-SPME analysis of syngas generated from biomass gasification and calculated tar concentration. Empirical calculation at 150 °C was adjusted by the same ratio as theory, since it is outside the experimental conditions of 115 °C, and is provided only for comparison. 
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